Wide application of plastics for engineering purposes in machine building and instrument making requires adding reinforcing fillers to the starting polymers, i.e. fillers that greatly increase their physical and mechanical properties: mechanical strength, hardness, elastic modulus E y , and impact strength, which improve their service properties (reducing creep) and processing properties (in particular, reducing shrinkage during moulding).
A great many models have now been proposed for predicting the properties of filled polymers from the parameters of the starting components (Refs. 1, 2). These models are quite good for describing systems with addition of inert fillers that provide little reinforcement, for example kaolin and chalk particles. However, systems filled with reinforcing fillers, the particles of which possess a developed surface (flakes, fibres), which are able to sorb a large number of macromolecules of the polymer on their surface, are not described satisfactorily with these models.
In the present work we have attempted to devise a simple model that gives a satisfactory description of the elastic properties of filled polymer compositions using the latest ideas on the nature of reinforcement (Refs. 3, 4) .
According to the latest concepts, particles of filler sorb polymer on their surface; moreover, the properties of the polymer on the surface differ from the properties of the polymer in the bulk, owing to restriction of the possible set of conformations: the kinetic elements in the polymer (in the region of and above the glass transition temperature, the principal kinetic elements are segments of macromolecules, consisting of several monomeric units) can assume a smaller number of possible conformations because of the presence of the solid wall -the surface of the filler. This effect limits the mobility of the kinetic elements, increases the relaxation time of these elements at a given temperature and causes a shift of the glass transition temperature towards higher temperatures.
We shall represent a sample of a polymer composition as consisting of two parallel-connected elastic elements: one of these elements is a material consisting of particles of filler with filler [sic; polymer ?] sorbed on the surface (1) and the other element is the polymer without filler (2) (Figure 1) . The elastic properties of this two-element scheme are described by the simple equation
where v 1 is the volume content of "reinforced" phase and 1 -v 1 is the volume content of non-sorbed and nonreinforced polymer. E 1 is the elastic modulus of the "reinforced" phase and E n is the elastic modulus of the starting polymer.
Thus, the present model assumes that a "reinforced" phase is present in the polymer composition. To calculate T/61 the elastic properties of this reinforced phase we employ the formula that is used for calculating the permittivity of matrix mixtures with a large difference between the permittivity of the filler and the permittivity of the polymer matrix: Bruggemann's formula (Ref. 5) . Replacing the values of permittivity with the values of the elastic moduli, we get
(The possibility of using this formula can be justified by the existence of physical-mathematical analogy between the viscoelastic and dielectric relaxation phenomena in polymers; see, for example (Ref. 6)).
In formula (2) , E c is the elastic modulus of the filler and E n1 is the elastic modulus of the sorbed polymer.
The value of the elastic modulus of the sorbed polymer is higher than that of the non-sorbed, starting polymer, by k times: E n1 = kE p . The intermolecular interaction is made up of dipole-dipole interaction and dispersion interaction; hydrogen bonds play an important role in many cases. Moreover, the intensity of dipole-dipole interaction is higher by an order of magnitude or more, than the other types of interactions. Therefore it is reasonable to assume that the polarisability of the molecules of polymer and filler, which determine the intensity of dipole-dipole interaction, plays the most important role. We can assume that with one and the same filler, the intermolecular interaction will be proportional to the degree of polarisation of the polymer P, which is directly proportional to the susceptibility χ: P = ε o χE el , where E el is the electric field intensity; ε o is an electric constant and χ = (ε -1). (ε is the permittivity). For a nonpolar polymer, for example polytetrafluoroethylene (PTFE), hardly any adhesion to the filler is observed and, since ε = 2 for PTFE, χ = 1. At ε > 2 the degree of polarisation increases. Because we assumed that this factor is a determining factor in interaction of the polymer with the particles of filler, the elastic modulus of the sorbed polymer E n1 will be directly proportional to the "reinforcement coefficient" k, which is equal to
(Later, in the calculations, for ε we use experimental values of ε at a frequency of 1 MHz).
It is known from data in the literature (Refs. 3, 4) that the layers of polymer between the particles of filler in the filled material range from 1 µm 3 to 6 µm 2 . Assuming that the thickness of the sorbed layer is h = 2.5 µm, and knowing the surface area of each particle of filler, we can calculate v 1 . This calculation is simplest for specially produced fillers, for example chopped glass fibre, for which the particle dimensions are known. The content of glass fibre in the "reinforced" phase is
The elastic modulus of the "reinforced" phase will be calculated using formula (2) , substituting the value of v cn for v 1 . Table 1 -in the case of polycarbonate; for the other polymers this deviation does not exceed 3%.
Thus, the values of k are somewhat higher than those calculated from (3), and the difference becomes greater as the polarity of the polymer increases. This effect may be due to the fact that the determinations of E y were made in quasistatic conditions, and values at a frequency of 1 MHz were used for ε. The static permittivity ε st , which ought to have been used, is always greater than ε determined at high frequencies, and this difference becomes greater with increase in polymer polarity. (The dependence of ε st on ε at 1 MHz is quite complex and is unique for each polymer).
If we vary the values of h for better coincidence of the calculated values of E y with the experimental values
(with h ≈ 2...2.5 µm), and take k = ε-1, complete agreement between the calculated and experimental data is observed:
The results show that the proposed model makes it possible to give a satisfactory prediction of the increase in elastic modulus of a polymer when it is filled with glass fibre. If different fillers are used it is necessary to know the elastic modulus of the respective filler and the average dimensions of the filler particles, which is sometimes difficult, but is entirely possible in principle. In any event, use of the model for filling of polypropylene with talc, and nylon-6 with mica, gave satisfactory results.
The results of this work show that the proposed model gives satisfactory quantitative agreement between calculated and experimental results, and in most cases better than when the existing models are used. An important point is the presence of just one parameter that has to be inserted and whose magnitude can only be estimated hypothetically -the thickness of the sorbed layer of polymer on the surface of the filler particles.
Note that use of the methods of calculation given above is possible when the sorbed polymer only constitutes a proportion of the polymer present in the mixture. Otherwise the second elastic element will be absent from the non-sorbed polymer, with further filling the thickness of the sorbed layer will decrease, and E y should be Figure 2 . Dependence of the coefficient k = E yk /E y on polymer permittivity (at 1 MHz). The straight line corresponds to formula (4). If we carry out the calculations at h = 2.5 µm and k = ε-1, the deviation of the calculated values of E y from the experimental values does not exceed 25%. estimated by calculating E k (equal in this case to E 1 ) of the filled polymer according to (3) , using the elastic modulus of the sorbed polymer E n1 = kE n as the elastic modulus of the whole polymer matrix. In this case the polymer mixtures greatly increase the viscosity and injection moulding becomes difficult, as has been noted elsewhere (Ref. 3).
It should be pointed out that it was not necessary to make any special corrections to the model in connection with the presence of crystalline phase in the polymers, furthermore the content of crystalline phase is different in different polymers. It can be assumed that this is because this factor makes a relatively small contribution to the overall picture of reinforcement. Moreover, changes in the elastic modulus of polymers during their crystallisation are taken into account in the values of the elastic modulus of the unfilled, starting polymers, which are also taken into account when calculating the moduli of unfilled polymers.
Knowing the elastic modulus of the unfilled polymer, it is quite easy to estimate the strength values of the composites, primarily using Griffith's concepts (Ref. 8). At the low loading rates usually employed in the tensile testing of polymers, σ b = 0.014 E y (±15%). For the polymers investigated, with 30 wt.% filling with glass fibre, we get:
3) Using coefficient k equal to χ, but varying the thickness of the sorbed layer h.
Since determination of the value of h is no easy matter, and, apparently, the effective (actual) value of h will be different at different loading rates, it is easier to use the first or second method of calculation.
The results of this work show that the model can be employed for preliminary prediction of the change in the mechanical properties of polymers when fillers are introduced.
It seems to be advisable to employ advanced model concepts for predicting the viscosity of polymer compositions, i.e. for assessing the technological properties: the processability of polymers into products. It is also interesting to use these methods for elastomersfilled rubber compositions and rubbers based on them.
A computer program has been developed for calculating Ey based on use of Newton's method of sections for solving Bruggemann's equation (MODNAPOL.PAS); without using this, it is very difficult to carry out the calculations using this formula. It can be seen that there is entirely satisfactory agreement between the results of the calculations and the experimental data. Accordingly, we have three methods for calculating the elastic modulus: 1) Using coefficient k equal to the susceptibility χ (formula (3)). In this case it is assumed that the thickness of the sorbed layer is constant (and equal to 2.5 µm).
2) Using coefficient k calculated from formula (4). Other assumptions are the same as in the preceding method.
